levels of Psy1, Psy2, Zds, e-Lcy and b-Lcy were found to correlate to carotenoid content in mature grains. The specific activation of the homeologous genes Psy1, e-Lcy from H. chilense and the high lutein esterification found in tritordeum may serve to explain the differences with durum wheat in carotenoid accumulation. Abstract Carotenoid rich diets have been associated with lower risk of certain diseases. The great importance of cereals in human diet has directed breeding programs towards carotenoid enhancement to alleviate these deficiencies in developing countries and to offer new functional foods in the developed ones. The new cereal tritordeum (×Tritor-deum Ascherson et Graebener) derived from durum wheat (Triticum turgidum ssp. durum) and the wild barley Hordeum chilense, naturally presents carotenoid levels 5-8 times higher than those of durum wheat. The improvement of tritordeum properties as a new functional food requires the elucidation of biosynthetic steps for carotenoid accumulation in seeds that differ from durum wheat. In this work expression patterns of nine genes from the isoprenoid and carotenoid biosynthetic pathways were monitored during grain development in durum wheat and tritordeum. Additionally, a fine identification and quantification of pigments (chlorophylls and carotenoids) during grain development and in mature seeds has been addressed. Transcript
Introduction
Carotenoid pigments are isoprenoid compounds synthesized in plant plastids with essential roles in protection against excess light energy, light-harvesting, oxidative damage protection and insect attraction among others (Britton 2008) . Humans cannot synthesize carotenoids de novo and their supply relies on dietary intake. Carotenoid-rich diets have been associated with reduced risk of certain diseases. Vitamin A deficiency (VAD) is one of the most important malnutrition causes in developing countries leading to blindness, increased childhood mortality or growth retardation among other disorders (WHO 2009) . Carotenoids with unsubstituted β-ionone rings have provitamin A activity (Giuliano et al. 2008 ) being β-carotene the most potent vitamin A precursor with two β-ionone rings. Other carotenoids such as lutein and zeaxanthin may prevent agerelated macular degradation (Carpentier et al. 2009 ). Cereals have lower carotenoid contents than other plant species. However, the great importance of cereals in human diet has promoted the development of provitamin A carotenoid biofortification programs in major staple crops (for review, see Graham et al. 2000; Rodríguez-Suárez et al. 2010; Wurtzel et al. 2012) . Indeed, new varieties of maize and rice (Golden Rice) with increased β-carotene content in their endosperm have been developed (Ye et al. 2000; Beyer et al. 2002; Paine et al. 2005; Harjes et al. 2008; Naqvi et al. 2009 ).
Endosperm colour, mainly caused by carotenoid accumulation, is an important criterion in wheat breeding programs. Common wheat (Triticum aestivum L., 2n = 6x = 42; AABBDD) varieties have been traditionally selected for white colour since consumers prefer white flour for bread making. In contrast, durum wheat (Triticum turgidum ssp. durum, 2n = 4x = 28; AABB) is selected for high yellow pigment content (YPC) as it is a desirable property in pasta products. Lutein is the main carotenoid found in seeds of Triticum spp. (Hentschel et al. 2002; Adom et al. 2005; Hidalgo et al. 2006) . Thus, the knowledge of carotenoid concentration and composition is useful for breeders in the development of cultivars with enhanced nutritional properties (Digesù et al. 2009 ). Maize is an excellent model for cereals to identify new targets for carotenoid improvement in the Poaceae due to the extensive knowledge gained in the last years and the close evolutionary relationships between maize and the Poaceae species . Indeed, the findings reported by (Gallagher et al. 2004) leaded to the identification and mapping of phytoene synthase 1 (Psy1) on the homeologous group 7 in durum wheat and H. chilense (Atienza et al. 2007a ) and the association between Psy1 and endosperm colour variation in durum wheat (Pozniak et al. 2007) . Further works demonstrated the role of Psy1 gene in durum wheat colour (reviewed by Rodríguez-Suárez et al. 2010) . Besides, lycopene epsilon cyclase (e-Lcy) is a significant target gene to control β-carotene composition in maize (Harjes et al. 2008) . Similarly, e-Lcy co-localizes with a QTL for lutein content in common wheat (Howitt et al. 2009 ) and it is associated with YPC variations in H. chilense . Expression of genes Dxs3, Dxr, Hdr, Ggpps1 and CrtISO1 have shown to correlate to carotenoid content at different development stages of maize kernels ). Also carotene hydroxylases have been identified in maize showing differential expression patterns during the endosperm development ). Recently, two hydroxylases were identified in durum wheat although no clear associations with carotenoid content in mature grains could be established (Qin et al. 2012) .
The new cereal tritordeum is the amphiploid derived from the cross between the wild barley Hordeum chilense Roem. et Schultz. (2n = 2x = 14; H ch H ch ) and durum wheat (Martin and Sánchez-Monge 1982) . It is being investigated to develop novel cereal-based functional foods (htt p://www.agrasys.es/en/index.html). Hexaploid tritordeum (×Tritordeum Ascherson et Graebener; 2n = 6x = 42; AABBH ch H ch ) exhibits a high endosperm yellow pigment and carotenoid content due to H. chilense genome (Alvarez et al. 1999) . As it happens in durum wheat and other cereal grains, lutein is the main carotenoid of tritordeum seeds, presenting levels 5-8 times higher than those of durum wheat and a characteristic esterification pattern with fatty acids (Atienza et al. 2007b; Mellado-Ortega and HorneroMéndez 2012) . Despite the high potential of tritordeum for high carotenoid content functional foods, the genetic basis of this exceptional carotenoid accumulation remains unknown. Earlier works have focused on phytoene synthase 1 (Psy1), which regulates the first step of carotenoid pathway, resulting in the mapping and characterization of Psy1 in H. chilense (Atienza et al. 2007a , Rodríguez-Suárez et al. 2011a ). This lack of comprehensive knowledge is extensive to other Triticeae, where only a limited number of genes have been investigated in relation with seed carotenoid accumulation and content. Regarding wheat, several genes have been associated with variation in carotenoid or YPC including Psy1 (Zhang and Dubcovsky 2008; Howitt et al. 2009; Wang et al. 2009 ) and e-Lcy (Howitt et al. 2009; Crawford and Francki 2013) . Psy1 is associated with the main QTL for YPC in wheat. Accordingly, the identification of different alleles and the development of diagnostic markers for marker assisted selection have been priority targets during the last years (He et al. 2008; 2009a, b; Reimer et al. 2008; Singh et al. 2009 ).
As postulated in maize, predictable manipulation of seed carotenoid biosynthetic pathway needs the elucidation of biosynthetic steps controlling carotenoid accumulation. This has been addressed by determining timing of structural carotenoid-related genes expression and establishing correlations to endosperm carotenoid composition in maize endosperm ). The unknown genetic basis of the higher carotenoid content of tritordeum compared to durum wheat limits the predictability of new developments. One of the main interests in our research is to investigate the mechanisms underlying this high seed carotenoid content in tritordeums. In fact, the improvement of tritordeum properties as a new functional food requires the elucidation of biosynthetic steps for carotenoid accumulation in seeds that differ from durum wheat. In this context, we wondered whether variations at metabolite level were related with differences in the transcript accumulation patterns in durum wheat and tritordeum during grain development. As lutein content in tritordeum grains is significantly higher than in durum wheat, the main genes of the biosynthetic pathway leading to lutein production were selected. Genes from the previous steps which may affect the flux of precursors into the carotenoid pathway were also included. Thus, expressions of the nine genes from the isoprenoid and carotenoid biosynthetic pathways: Dxr, Hdr, Ggpps1, Psy1, Psy2, Pds, Zds, Lcy and e-Lcy were monitored during grain development and the individual carotenoid content was determined in parallel in both species.
Materials and methods

Plant material
Five genotypes including the commercial varieties 'Simeto', 'Claudio', 'Don Pedro' and 'Kofa' and the breeding line UC1113 from UC Davis were selected to represent tetraploid wheat. Five hexaploid tritordeums HT621 (Ballesteros et al. 2005) , HT240, HT335, HT609 and HT630 (harbouring the chromosome substitution 2D/2H ch ) from the breeding program conducted by Prof. A. Martín at IAS-CSIC were also selected. Seedlings were first grown in a climate chamber under controlled conditions (at 22/16 °C day/night with 12/12 h light/darkness) and then transplanted to field conditions following a completely randomized design with two replicates (20 blocks, 10 plants per block). Developing grains were collected from each block (two biological replicates) at 8, 14, 18 and 25 dpa (days post anthesis), referred as St1, St2, St3 and St4, frozen in liquid nitrogen and stored at −80 °C until RNA or carotenoid extraction. For carotenoid analysis, samples at harvest stage (mature grains) from each block were also included. Leaf tissue of accession lines H1 and H7 of H. chilense (from the collection of the IAS-CSIC) and of the durum wheat and tritordeum lines was harvested at tillering stage and stored at −80 °C until DNA and RNA extraction.
DNA, RNA isolation and cDNA synthesis Genomic DNA was extracted using the CTAB method according to (Murray and Thompson 1980 ) from wheat and tritordeum leaves at tillering stage. The chloroplast DNA marker ccSSR-4 (Chung and Staub 2003) was amplified in DNA from leaves to determine the cytoplasm origin of tritordeum lines (Martin et al. 2008a) .
Total RNA was isolated from leaves and from whole grains at four development grain stages using the TRIzol ® Reagent (Invitrogen, Carlsbad, CA) according to manufacturer's instructions with slight modifications. Regarding grains, two independent RNA extractions were carried out for each development stage and block, making a total of 160 samples. RNA integrity was verified on 2 % agarose gels and visualized with ethidium bromide staining. RNA quantity and purity was determined using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Walthman, MA, USA). cDNA was obtained as described in Rodríguez-Suárez et al. (2011a) .
Primer design
Primers for RT-qPCR were designed to amplify all three homeologs of genes Dxr, Hdr, Ggpps1, Psy1, Psy2, Pds, Zds, . Partial sequences of these genes in H. chilense were obtained in a previous work (Rodríguez-Suárez and Atienza 2012). Sequence sets for each gene were aligned using Edialign program (http://emboss.sourceforge.net/index.html) and edited with GeneDoc software (http://www.psc.edu/biomed/genedoc). Primer pairs were designed using Primer3plus software (Untergasser et al. 2007 ) on conserved exonic regions flanking at least one intron when possible. Sequence identity searches were performed at the NCBI (http://www.ncbi .nlm.nih.gov) using BLAST.
Two more sets of primers for RT-qPCR were designed to amplify specific homeologs of Psy1 and e-Lcy (Online Resource 1). Homeolog specific primers for Psy1-A1, 1, e-Lcy3A and e-Lcy3B were designed based on sequences previously described (He et al. 2008 (He et al. , 2009a Howitt et al. 2009; Wang et al. 2009; Rodríguez-Suárez et al. 2011a; Crawford and Francki 2013 Real-time qPCR reactions for target genes were carried out using 4 biological replicates with 2 technical duplicates each. Amplicon sizes ranged from 82 to 120 bp. RT-qPCR reactions were carried out using the SYBR ® GREEN on an ABI PRISM 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The PCR conditions were 95 °C for 10 min followed by 40 cycles at 95 °C for 15 s and 60 °C (61 °C for Psy1 homeolog-specific amplification) for 1 min. qPCR reactions were performed using 5 μl of diluted cDNA solution in a 25 μl volume reaction containing 12.5 μl of 2× Fast Start Universal SYBR ® GREEN Master (Roche Applied Science, Mannheim, Germany) and 225 nM of each primer. No template controls were included in the reactions. Additionally, six inter-run calibrating samples were included in each plate to detect and correct interrun variation. The identity of the amplified fragments was confirmed by sequencing the PCR products amplified by each primer pair in H. chilense. Psy1 and e-Lcy homeologspecific amplification was confirmed by the presence of a single peak in the qPCR dissociation curve analysis or by direct sequencing of the PCR products.
PCR efficiency of each primer pair was determined by the LinRegPCR quantitative PCR data analysis program (version 11.0) (Ruijter et al. 2009 ) using raw normalized fluorescence as input data. Expression of target genes for each sample (N 0 ) was determined using the equation N 0 = 0.2/E Cq , where E is the PCR efficiency for each primer and Cq is the number of cycles needed to reach 0.2 arbitrary units of fluorescence. PCR efficiency was determined for each gene and species.
Geometric mean of reference genes ADP-RF(m), RLI(a) and CDC(a) was used for normalization (Giménez et al. 2011) . Expression stability of these genes and normalization factors for each sample were assessed using GeNorm (Vandesompele et al. 2002) .
Pigment analysis
Pigments from developing grains were extracted by using a one-step grinding-extraction procedure. Briefly, 3-4 four grains, exactly weighted to the nearest 0.1 mg, were placed into 2-mL safe-lock round-bottom Eppendorf tube together with two steel balls (5 mm) and 1 mL of acetone containing 0.1 % (w/v) BHT. The tubes were frozen in liquid nitrogen and the samples crushed in an oscillating ball mill Retsch Model MM400 (Retsch, Haan, Germany) at 25 Hz for 1 min. Samples were centrifuged at 12,000 rpm for 5 min at 4 °C, and the supernatant was directly used for HPLC analysis. Carotenoid extracts from mature grain were prepared according to Atienza et al. (2007b) with some modifications. One-gram of milled grain sample was placed in a round-capped polypropylene 15 mL centrifuge tube, and a known amount of internal standard (β-apo-8′-carotenal; 1.75 and 3.50 μg for durum wheat and tritordeum samples, respectively) was added. Pigments were extracted with 4 mL of acetone (containing 0.1 % BHT) during 2 min by vortexing, following sonication for 1 min. The mixture was centrifuged at 5,000 rpm for 5 min at 4 °C, and the extracted carotenoids in the acetone phase were collected. The extraction operation was repeated three times, and the acetone fractions were pooled. The solvent was evaporated under nitrogen stream, and the pigments were dissolved in 0.5 mL of acetone and stored at −30 °C until HPLC analysis. Samples were centrifuged at 12,000 rpm for 5 min at 4 °C prior to chromatographic analyses, which were carried out in the same day of the preparation of the extracts. Analyses were carried out in quadruplicate. All operations were performed under dimmed light to prevent isomerization and photodegradation of carotenoids.
Identification of carotenoid pigments in durum wheat and tritordeum mature grains has been described in previous works (Atienza et al. 2007b; Mellado-Ortega and Hornero-Méndez 2012) . The identification of carotenoids and chlorophylls in the developing grains was carried out following routine procedures consisted of: separation and isolation of pigments by TLC and co-chromatography (TLC and HPLC) with pure standards, analysis of the UV/Vis and comparison with the literature values, and some micro-scale chemical test for carotenoids containing 5,6-epoxide groups (Mínguez-Mosquera et al. 2008a; Mínguez-Mosquera et al. 2008b; Britton 1991 Britton , 1995 Britton et al. 2004) . Authentic carotenoids and chlorophyll samples were isolated, and purified by means of TLC, from natural sources: 9′-cis-neoxanthin, violaxanthin, lutein, β-carotene, chlorophylls a and b were obtained from spinach leaves (Spinacea oleracea), whereas β-cryptoxanthin and zeaxanthin were obtained from red pepper (Capsicum annuum L.) (Britton 1991; Mínguez-Mosquera and Hornero-Méndez 1993) . Antheraxanthin was synthesized according to the method of Barua and Olson (2001) . For identification purposes, carotenoids containing 5,8-epoxide groups (auroxanthin, luteoxanthin, neochrome and mutatoxanthin) were prepared from the corresponding 5,6-epoxide parent pigments (violaxanthin, neoxanthin and antheraxanthin) (Britton 1991) . The identification of cis isomers was based on the presence and relative intensity (%A B /A II ) of the cis peak at about 330-340 nm in UV/Vis spectrum, a reduction in the fine structure and a small hypsochromic shift in λ max with respect to the all-trans counterpart, and the chromatographic behaviour in the C18 HPLC column (the cis isomers show slightly longer retention times than the all-trans isomer) (Britton 1995) .
HPLC quantitative analysis of pigments was carried out according to the method of Mínguez-Mosquera and Hornero-Méndez (1993) with some modifications (Atienza et al. 2007b ). The HPLC system consisted of a Waters 2695 Alliance chromatograph fitted with a Waters 2998 photodiode array detector, and controlled with Empower2 software (Waters Cromatografía, S.A., Barcelona, Spain). A C18 reversed-phase analytical column (Mediterranea SEA18, 3 μm, 20 × 0.46 cm; Teknokroma, Barcelona, Spain) was used. Separation was achieved by a binary-gradient elution using an initial composition of 75 % acetone and 25 % deionised water. The gradient profile used for the chromatographic analysis of developing grains was increased linearly to 95 % acetone in 10 min, hold for 7 min, then raised to 100 % in 3 min, and maintained constant for 5 min. For mature grains the initial mobile phase composition was increased linearly to 95 % acetone in 10 min, then raised to 100 % in 2 min, and maintained constant for 13 min. Initial conditions were reached in 5 min. An injection volume of 10 μL and a flow rate of 1 mL/min were used. Detection was performed at 430 and 450 nm, and the online spectra were acquired in the 350-700 nm wavelength range. Quantification was carried out using calibration curves prepared with the isolated pigment standards. Calibration curves were prepared in the range of 0.5-45.0 μg/mL, and constructed by plotting the peak area at 450 nm (430 nm for chlorophyll a) versus the pigment concentration. Concentration was expressed as micrograms of pigment per gram of grain and as micrograms of pigment per grain, both in dry basis.
Statistical analysis
Pearson correlation analysis of transcripts and carotenoid composition was performed using IBM ® SPSS ® Statistics 19 to test the statistical significance (p ≤ 0.05) of the relationships. Differences in gene expression and carotenoid content in developing grains were established using Tukey's Honestly Significant Difference (HSD) test at (p < 0.05) after analysis of variance using Statistix v. 9.0. If Levene's test of homogeneity of variances was significant, the non-parametric Kruskal-Wallis test (p < 0.05) was computed.
Results
Transcript profiling of carotenoid-related genes
Four grain developmental stages were selected for representing different physiological moments in grain growth and filling: St1 (8 dpa) in watery stage, St2 (14 dpa) in early milk stage, St3 (18 dpa) in late milk-soft dough stage and St4 (25 dpa) in hard dough stage. St1 and St2 represent the early phase of grain development while St3 and St4 correspond to the grain filling period.
Nine genes from the isoprenoid and carotenoid biosynthetic pathways were monitored during durum wheat (DW) and tritordeum (HT) grain development: deoxy-D-xylulose 5-phosphate reductoisomerase (Dxr) and 4-hydroxy-3-methylbut-2-enyldiphosphate reductase (Hdr [synonym ispH]) from the MEP pathway; geranyl geranyl pyrophosphate synthase 1 (Ggpps1) for geranylgeranyl diphosphate synthesis; and phytoene synthase 1 (Psy1), phytoene synthase 2 (Psy2), phytoene dehydrogenase (Pds), zeta-carotene desaturase (Zds), lycopene epsilon cyclase (e-Lcy) and lycopene beta cyclase (b-Lcy) from the carotenoid biosynthetic pathway (Fig. 1) . In a previous work, these genes have been mapped and partial sequences of these genes in H. chilense had been obtained (Rodríguez-Suárez and Atienza 2012). These sequences were used along with those of other grasses retrieved from the databases to design gene-specific primers for RT-qPCR (Online Resource 1). These primers were designed in conserved regions to amplify all two or three homeologs in DW or HT, respectively. Gene-specific amplification of each primer pair was confirmed by sequencing the PCR products in H. chilense. The expression levels of the carotenoid-related genes were determined by RT-qPCR in five genotypes of DW and five genotypes of HT during the four stages of grain development indicated above. All genes were expressed in both species in all the stages considered. Normalized expression levels for each gene at each developmental stage are shown on a species basis (Fig. 2) . The mean expression was calculated for each genotype at each stage considering four data (two field replicates [blocks] × two biological replicates within block). For each species, the mean of the five genotypes was calculated.
Five genes (Dxr, Ggpps1, Psy2, Pds and Zds) showed the same expression profile in DW and HT (Fig. 2) . However, Psy1 and e-Lcy showed a very different pattern in transcript accumulation in DW and HT. Indeed, both genes increased their expression from St2 onwards in HT, showing the opposite tendency in DW (Fig. 2) . A similar trend was observed for b-Lcy, since it increases its expression at the last stage (St4) in HT. Nevertheless these differences were minor compared to the changes observed in Psy1 and e-Lcy (Fig. 2) . (μg/grain dry weight). HPLC chromatograms corresponding to the carotenoid profiles of durum wheat 'Don Pedro' and tritordeum genotype HT621 are shown in Fig. 3 . HPLC chromatograms corresponding to the carotenoid profiles of developing durum wheat (DW; cv 'Don Pedro') and tritordeum (HT; genotype HT621) grains. Peak identities: 1 9′-cis-neoxanthin; 2 all-trans-violaxanthin; 3 9-cis-violaxanthin; 4 13-cis-violaxanthin; 5 all-trans-antheraxanthin; 6 all-trans-zeaxanthin; 7 all-trans-lutein; 8 9-cis-lutein; 9 13-cis-lutein; 10 chlorophyll b; 11 chlorophyll a; 12 all-trans-β-carotene; LME lutein monoesters; LDE lutein diesters, IS internal standard (β-apo-8′-carotenal). St1 = 8 days post anthesis (dpa); St2 = 14 dpa; St3 = 18 dpa; St4 = 25 dpa; Harvest = mature. Chromatographic conditions were different for the analysis of developing and mature grains, respectively. Detection wavelength was 450 nm As expected for a green plant tissue the typical chloroplastic pigment composition was observed in the four stages of grain development considered. The pigment profile consisted of chlorophylls a and b and six carotenoids, being lutein (mainly the all-trans isomer together with small amounts of 9-and 13-cis isomers) the major pigment in all stages and the unique representative from the β, ε-branch, whereas the rest of carotenoids, 9′-cis-neoxanthin, violaxanthin (mainly the all-trans form plus traces levels of 9-and 13-cis isomers), all-trans-antheraxanthin, all-transzeaxanthin and all-trans-β-carotene, corresponded to the β,β-branch (Tables 1, 2) . Carotenoids are referred hereinafter as neoxanthin, violaxanthin, antheraxanthin, zeaxanthin, β-carotene and lutein. Total carotenoid content (μg/g dry weight) increased from St1 to St2, it was maintained in St3 and decreased after St4 in both HT and DW. In general, individual carotenoids showed the same behaviour. Their concentration was increased until St3 and decreased in the transit to St4 (Tables 1, 2 ). The main exception was zeaxanthin which did not show significant differences during grain development in DW (Table 1) .
In mature grains, total carotenoid content was much higher in HT (9.14 μg/g dry weight) than in DW (3.22 μg/g dry weight) (Table 3) between durum wheat (DW) and tritordeum (HT) are indicated with an asterisk while n.s. means not significant as determined by Tukey's HSD test. St1 = 8 days post anthesis (dpa); St2 = 14 dpa; St3 = 18 dpa; St4 = 25 dpa; Harvest = mature with fatty acids in HT, either as monoester (82.7 %) or diester (17.3 %), but no esterification was detected in DW (Table 3) . Low levels of β-carotene were detected in DW and HT. Small amounts of zeaxanthin were detected in DW and only traces were detected in HT. No significant differences were found between DW and HT for total carotenoid concentration during grain development (Fig. 4a) . The same accumulation trend was observed for total lutein content (Tables 1, 2 ). In this case, DW has a higher lutein concentration at St2 and St3 compared to HT but this trend changes in later stages since HT shows a superior lutein concentration than DW at St4 (Fig. 4b) . The decrease in concentration from St3 onwards is related with grain filling, which resulted in a diluting effect on the pigment concentration in dry weight basis (μg/g dry weight). Thus, pigment composition was also calculated in a dry grain basis (μg/grain dry weight) to investigate whether net accumulation of carotenoids was still produced after St3. A linear increment of all the pigments (μg/grain dry weight) was observed in DW and HT as shown for total carotenoids and lutein content (Fig. 4c, d ). DW developing grains have higher total carotenoids content per grain than HT at St2, St3 and St4 stages. However, lutein content per grain (μg/grain dry weight) was not significantly different between both species at St4 (Fig. 4d) . The most striking differences were found at harvest (mature grains) where HT presented higher total carotenoids and lutein content than DW (Fig. 4a-d) , both when expressed in weight and grain basis. In addition, the ratio β,ε/β,β was very different between both species. This ratio remained stable in DW from St1 to St4 (Table 1) . On the contrary, it increases in HT after St2 (Table 2) . This results in significant differences for β,ε/β,β ratio between DW and HT (Fig. 4e) . Although this ratio was higher in DW at St2, it was significantly higher in HT in St3 and St4.
Differences in transcript accumulation trends are associated with carotenoid content at harvest To investigate whether the differential changes in gene expression between species (Fig. 2) were associated with carotenoid content in mature grains, the relative mRNA levels between St4 and each of the previous stages (St1, St2 and St3) were determined for each block and genotype. Pearson correlation analysis (n = 20) showed that Psy1 and e-Lcy ratios (St4/St3, St4/St2 and St4/St1) were positively correlated with lutein and total carotenoid content at harvest, being the highest values those with St4/St2 ratios. For instance, lutein concentration was highly associated with Psy1 and e-Lcy St4/St2 ratios, with r values of 0.803 and 0.901, respectively (Table 4) . Positive correlations were also observed for b-Lcy considering the ratios St4/St3 and St4/St2 and for Zds in the ratio St4/St2. Finally, a negative correlation was observed for Psy2 ratio St4/St1 and carotenoid content at harvest.
Psy1 and e-Lcy homeolog-specific expression
To investigate whether this increased expression of Psy1 and e-Lcy in HT was caused by the H. chilense homeologs, we designed homeolog-specific primers for these genes to quantify their relative influence in DW and HT. The relative change in gene expression St4/St2 showed the highest correlation with total carotenoids and lutein contents (Table 4) . Thus, homeolog-specific primers were tested in these two stages.
Mean expression values for each species were calculated as indicated above. Considering Psy1, in DW transition from St2 to St4, Psy1-A1 expression slightly increases whereas Psy1-B1 decreases. In relative terms, Psy1-A1 transcripts increase from 55 % to approximately 65 %. Conversely, in HT all three homeologs increase their expression from St2 to St4 being that of Psy1-H ch 1 the most evident change. Accordingly, Psy1-H ch 1 transcripts reach almost the 48 % of total Psy1 transcripts in St4, representing in St2 around the 33 % of the total (Fig. 5a ).
In the case of e-Lcy, expressions of e-Lcy3A and e-Lcy3B decrease in DW from St2 to St4, being significant the relative increase of e-Lcy3A copies in St4. In HT, all three homeologs increase their expression from St2 to St4. Furthermore, more than the 60 % of e-Lcy transcripts correspond to e-Lcy3H ch in St4 in relative terms (Fig. 5b) .
Discussion
Carotenoid synthesis in durum wheat and tritordeum Six carotenoids were detected in DW and HT grain development: neoxanthin, violaxanthin, antheraxanthin, zeaxanthin, lutein and β-carotene. These carotenoids have photoprotective roles in chloroplast membranes and proteins. Lutein, neoxanthin, violaxanthin and zeaxanthin accumulate in light-harvesting complex proteins (LHC) where they have a structural role and also contribute to light harvesting; antheraxanthin provides thermal dissipation of excess light energy along with lutein, and zeaxanthin and β-carotene molecules may quench single oxygen in the photosystem II reaction centre (reviewed by Cuttriss et al. 2011) . All these pigments are typically from chloroplast, which is consistent with the presence of chlorophylls in stages 1-4. Detection of these compounds in developing grains is in agreement with previous findings in DW, where the same 1 3 carotenoids were identified with the exception of antheraxanthin, which was not detected by Qin et al. (2012) , and β-carotene that was not detected in bread wheat (Howitt et al. 2009 ).
At maturity, lutein was the main carotenoid found in DW and HT (Atienza et al. 2007b; Mellado-Ortega and Hornero-Méndez 2012) . In this study whole grain samples were used for pigment analyses. As lutein seems to be the major carotenoid found in wheat endosperm (Ndolo and Beta 2013) , the traces of zeaxanthin and the low levels of β-carotene detected in the whole grains analyzed in the present study may come from other grain tissues like embryo or aleurone layer (Qin et al. 2012; Ndolo and Beta 2013) .
Total carotenoid and lutein contents per grain were higher in DW than in HT during grain development. However, this situation is reversed at harvest when HT had a much higher carotenoid content than DW, confirming previous results for carotenoid content in HT (Atienza et al. 2007b; Mellado-Ortega and Hornero-Méndez 2012) .
The relative importance of the β,ε-and β,β-branches was also significantly different between DW and HT. The ratio β,ε/β,β was stable through grain development in DW as previously described by Qin et al. (2012) between 4 and 25 dpa. On the contrary the β,ε/β,β ratio increases in HT after 14 dpa (St2). A similar trend was observed in hexaploid wheat between 10 and 30 dpa (Howitt et al. 2009 ). These authors reported a reduction in total carotenoid content between 10 and 30 dpa while lutein content remained stable. Accordingly, the ratio β,ε/β,β increased during grain development until harvest where only lutein was detected. Thus, they suggested that this increase may be the result of β,β carotenoids serving as precursors of ABA synthesis (with 9′-cis-neoxanthin acting as the direct precursor), since the carotenoids earlier in the β,β pathway disappeared first. In HT, both lutein and total carotenoid contents per grain increased linearly. However, the ratio β,ε/β,β increased from St2 onwards suggesting a net accumulation of lutein in this period. At harvest, lutein accounted for nearly the total carotenoid content in HT, being total carotenoid content much lower than at 25 dpa (St4).
Thus, the differences between DW and HT might be explained by two complementary (and probably interconnected) ways: a lower depletion of the carotenoid pool in HT (probably mediated by esterification) and an enhanced synthesis of lutein in the last stages of grain development in HT (through the activation of Psy1-H ch 1 and e-Lcy3H ch genes).
Esterification, sequestration and potential role of plastids in tritordeum carotenoid accumulation The targeting, storage and sequestration of carotenoids within the different plastids types is an important regulatory mechanism providing a sink for carotenoid accumulation (Cazzonelli and Pogson 2010) . All the HTs studied in this work carry H. chilense cytoplasm and, thus, the role of plastids may be considered. Although variation at cytoplasm level is known to exists in H. chilense (Martin et al. 2008b; Rodríguez-Suárez et al. 2011b) , previous studies have shown that H. chilense cytoplasm per se does not result in higher endosperm carotenoid content. Indeed, the wheat alloplasmic line carrying the cytoplasm from the genotype H46 of H. chilense has a higher carotenoid content than its euplasmic control (Atienza et al. 2008) . On the contrary, alloplasmic lines carrying the H7 cytoplasm show lower carotenoid contents than their euplasmic controls in the same study.
Carotenoid content per grain was higher in DW than in HT until St4 while chloroplasts were functional, as evidenced by the presence of chlorophylls. However, HT has a much higher carotenoid content in the mature grains when other plastids, different from chloroplasts, are active. It is important to note that plastids differ in the way they accumulate end-product carotenoids (Cazzonelli and Pogson 2010) . Esterification is a common post-carotenogenic mechanism to sequester carotenoids in plants, and it is proposed to increase xanthophylls accumulation by integration into plastoglobules as described in pepper (Hornero-Méndez and Mínguez-Mosquera 2000). Chloroplasts, and specially chromoplasts, are specialized in the accumulation of carotenoids, but these are also synthesized and stored in plastoglobules and crystalloid forms in other type of plastids (Howitt and Pogson 2006) , such as in amyloplasts in maize (Wurtzel 2004 ) and in potato tubers (Fishwick and Wright 1980) . Thus, plastoglobules may be important in carotenoid sequestration in HT as suggested in other species but further studies are required to test this hypothesis.
Psy1 and e-Lcy activation in tritordeum: enhanced lutein synthesis?
Differences in seed carotenoid content at harvest between DW and HT were positively correlated with the increase of expression of Psy1 and e-Lcy and, with lower correlation values, with b-Lcy and Zds. All these genes are critical for lutein synthesis which is the main carotenoid found in DW and HT seeds at harvest as described in previous reports (Atienza et al. 2007b; Howitt et al. 2009; Ramachandran et al. 2010; Mellado-Ortega and Hornero-Méndez 2012; Qin et al. 2012) . Thus the role of Psy1 and e-Lcy to explain the differences between HT and DW is consistent with the importance of these genes in other species. In maize, Psy1 (Randolph and Hand 1940; Palaisa et al. 2003; Gallagher et al. 2004; ), e-Lcy (Harjes et al. 2008 ) and b-Lcy (Bai et al. 2009 ) have been pointed as key genes in carotenoid accumulation. Similarly, variations at Psy1 (Pozniak et al. 2007 ) and e-Lcy (Howitt et al. 2009 ) have been also related to YPC or endosperm carotenoid content in the Triticeae (see Rodríguez-Suárez et al. 2010; Cuttriss et al. 2011 for a review). Also in H. chilense, the maternal parent of HT, variations at Psy1 and e-Lcy are associated with YPC (Rodríguez-Suárez and Atienza 2012). Furthermore the addition of chromosome 7H ch α to hexaploid wheat results in higher YPC (Alvarez et al. 1998) , probably due to the addition of Psy1-H ch 1 (Rodríguez-Suárez and Atienza 2012; . Similarly the relevance of Zds locus is in agreement with QTL studies in wheat (Zhang et al. 2011; Dong et al. 2012 ) and H. chilense .
Interestingly, the increase in Psy1 and e-Lcy expression was mainly caused by the activation of the homeologs genes from H. chilense. Indeed, Psy1-H ch 1 and e-Lcy3H ch increase their relative contribution to the total mRNA levels of Psy1 and e-Lcy from St2 to St4, reflecting a specific activation of H. chilense genes in developing grains of HT. Therefore, the activation of Psy1, e-Lcy, Zds and b-Lcy at grain filling along with the increase in the β,ε/β,β ratio suggest not only a lower depletion rate but also a net production of lutein in the grain endosperm. Accordingly, it has been recently proposed that carotenoid production could be still active in mature wheat grains, contrary to the classical perception which assumed only carotenoid depletion (Qin et al. 2012 ). In tritordeum, this "late" lutein synthesis would be enhanced by the activation of Psy1-H ch 1 and e-Lcy3H ch . It has been recently described that Psy1 variants in maize form different types of plastoglobuli and direct carotenoid synthesis to different locations (Shumskaya et al. 2012; Shumskaya and Wurtzel 2013) . Alternative splicing of Psy-H ch 1 gene in H. chilense leads to different forms of PSY1 protein which vary in their length, plastid transit peptide and functionality (Rodríguez-Suárez et al. 2011a ). Thus, it cannot be discarded the connection of Psy1-H ch 1 forms with sink capacity or plastid morphology to explain differences between DW and HT, and further works would be necessary to elucidate this situation.
Finally, the carotenoid content at harvest was negatively correlated with the decreased expression of Psy2 from St1 to St4. This means that the reduction in Psy2 expression was higher in HT than in DW between both stages. Within a species, it has been clearly demonstrated that Psy2 is not associated with endosperm carotenoid content (Palaisa et al. 2003; Gallagher et al. 2004; Li et al. 2008; Li et al. 2009 ). Although it may be important to explain differences between DW and HT a casual association cannot be discarded since the ratios St4/St2 and St4/St3 for Psy2 were not associated with carotenoid content.
Conclusions
Tritordeum has a higher carotenoid content than durum wheat at harvest. Collectively, our results suggest that the increase in transcript accumulation of Psy1 and e-Lcy in tritordeum, mainly due to the activation of H. chilense homeologs, results in an excess of carotenoids. The high degree of lutein esterification in tritordeum at harvest may reveal the activation of sequestering mechanisms probably leading to the absence of metabolic feedback to inhibit the pathway. Future works would need to identify the genes involved in xanthophylls esterification processes as it seems to be a key mechanism in the carotenoid accumulation of tritordeum. Also, studying the connections of Psy1-H ch 1 and e-Lcy3H ch variations with sink capacity, plastid nature and morphology and carotenoid synthesis location is a great challenge for future works.
